New measurements y ielded the value 26428 .4± 2.6 Inte rnational joules per gram mass for thc heat of combustion, QB, of benzoic acid at 25° C under the conditions of the standard bomb process. The difference, 0.036 percent, between the above value and that reported in 1934 is due to five factors : (1) An error in the previous value, resulting from the effect of dissolved carbon dioxide on the determin ation of the nitric acid formed in t he bomb, (2) a change in the value used for the energy of formation of nitric acid in the bomb, (3) taking account in the present work (in the calculation of the value of QB at 25° from the observed value at 30°) of the temperature dependence of the Washburn reduction, (4) a change in the value used for the tempe rature coefficient of the heat of combustion, arising from the use of a new value tor the specific heat of benzoic acid, and (5) a smaJl difference in the results of the calorimetric measurements. The 1934 resul ts, when corrected for tile first four of the above effects, are in agreement within 0.01 percent with the results of the present measurement~. The procedure for correcting the results of calibration experiments originally calculated on the ba~is of the 1934 value of OB i5 described.
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VII. Previous work _______ __ ___________ _______________________ . _____ 265 VIII. Suitability of benzoic acid as a standard substan ce for bomb calorimetry ______________________ _________ _________ ______ ___ _______ 268 IX. Summary ____________ _____ _______________ ____ _______________ _ .. 270 X . R eferences _____________________ _______________________________ 270 247 I. INTRODUCTION Benzoic acid has been used many years as a standard substance for calibrating bomb calorimeters, and has been selected as the primary standard substance for this purpose by the Standing Committee for Thermochemistry of the International Union of Chemistry [1] .1 Such use of benzoic acid requires an accurate value, in terms of some generally acceptable energy unit, for its heat of combustion under the conditions of the bomb process.
The results of heat of combustion measurements made at this Bureau on various lots of benzoic acid used as Standard Sample material have been reported previously [2, 3] . Because impurities might affect the heat of combustion of different lots of benzoic acid by significantly different amounts, it has been the practice at this Bureau to determine the heat of combustion of each lot of Standard Sample material.
The present paper gives the results of measurements of the heat of combustion of two lots of benzoic acid, designated as Standard Sam->1 pIes 3ge and 39f, and of two samples of benzoic acid of a very high degree of purity that were prepared by Schwab and Wichers [4] of this Bureau.
These measurements were made primarily for the purpose of providing data for use in connection with the standardization of bomb calorimeters. For this purpose the quantity of interest is the heat of combustion per gram of sample under the conditions of the bomb process. However, since material of exceptionally high purity was available for this work, it seemed worth while to obtain also data on the heat of combustion per mole of benzoic acid. The values reported for the heat of combustion per mole apply for conditions other than those of the bomb process, and these values are not suitable for use in connection with the standardization of bomb calorimeters.
II. APPARATUS AND METHOD
The essential features of the apparatus and methods used in the present work have been described in detail [2, 3] previously, and only a brief description of them will be given here. The calorimeter system consists of a nickel-plated copper vessel, of about 3.5 liters capacity, containing a weighed amount of water, provided with a closelyfitting cover and an arrangement for stirring the water; an electric heater; a bomb of 377 ml capacity, made of a corrosion-resistant alloy (illium); and a platinum resistance thermometer. The calorimeter is completely inclosed by a jacket which can be maintained at a constant temperature by means of a thermostat, and which is separated from the calorimeter by a l-cm air space.
The method consists in making two types of e~eriments with the calorimeter. In one of these a measured quantity of energy is supplied to the system electrically, and the resulting temperature rise of the calorimeter is observed. In the other type of experiment a weighed sample of a combustible material is burned in the bomb, and the resulting temperature rise is observed. The first type of experiment yields the energy equivalent (effective heat capacity) of the calorimeter system, and when .. Jhe energy equivalent is known the I Numbers in brackets indicate tbe literature references at the end of this paper.
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temperature rise of the calorimeter in the second type of experiment is a measure of the heat produced by the combustion. In both types of experiments the bomb contained 1 ml of water, and oxygen under a pressure of approximately 30 atmospheres. The procedure in both types of experiments was such that the final temperature of the calorimeter was very nearly the same as the constant temperature of the jacket.
The apparatus and methods used in the present work differ from those described in the report of measurements made at this bureau in 1934 [31 principally in the following respects:
1. The power measurements in the determination of the energy equivalent of the calorimetric system were referred to a saturated cadmium standard cell, which was maintained at a constant temperature by means of a temperature-control box [51. The cell was calibrated before each series of energy-equivalent determinations, and its electromotive force remained constant to 2 microvolts over a period of 6 months. Unsaturated standard cells of the type used in the 1934 measurements have a very low temperature coefficient, but have been found to exhibit hysteresis effects [61 when exposed to varying temperature. Errors from this source could be avoided by keeping the cells at a const.ant temperature, but with the temperature kept constant the saturated cells have been found to be more satisfactory.
2. The Wolff-Diesselhorst potentiometer used for the measurements of power wns calibrated in place. The potentiometer ratio (ratio of reading to electromotive force) was measured before each ener&y-equivalent determination, using two recently calibrated standard r esistors [71. 3. The platinum resistance thermometer used to measure the temperature change of the calorimeter was of the same type as that used in the 1934 measurements [31, but it did not exhibit the erratic behavior of the latter.
4. The Wheatstone bridge used in connection with the platinum resistance thermometer was designed especially for bomb-calorimetric measurements (8).
5. The "constant range" method [9, 31] was used, that is, all calibration and combustion experiments were made over very nearly the same range of temperature. This procedure largely eliminates the effect of constant errors in calibration of the Wheatstone bridge and of peculiarities in the temperature scale defined by the thermometer.
6. In some of the measurements the amount of carbon dioxide formed in combustion was determined in the manner described III 1938 (10).
III. CALIBRATION OF THE CALORIMETER
The energy equivalent of the calorimeter was measured in the manner described in the 1934 report [3] , except for the changes in apparatus and procedure mentioned in section II of this paper. The values obtained for the energy equivalent of the calorimetric system were all reduced to correspond to an absolute pressure of 30 atmospheres at 30° C. All the calibration experiments were made over very nearly the same temperature range, the t emperature rise being about 3 degrees and the final temperature 30° C in all cases.
The results of the first series of calibration experiments are given in 12] .
The two samples of purified benzoic acid were prepared by Schwab and Wichers from Standard Sample 3ge, one by eight fractional crystallizations from aqueous solution, the other by eight fractional crystallizations from benzene solution. The purity of the first of the purified samples was estimated from freezing beha-vior to be 99.995 mole percent, whereas that of the second sample was estimated from both freezing behavior and specific-heat measurements to be 99 .999 mole percent [4, 12J. As noted by Schwab and Wichers [4J, the estimates of purity from specific-heat measurements were made on samples that had been dried by passing dry air through liquid benzoic acid at a temperature a few degrees above the melting point. It was later found that this treatment results in the very slow formation of benzoic anhydride. It is possible, therefore, that these samples may have contained slightly larger amounts of impurity than the corresponding samples for which the estimates of purity were made on the basis of freezing behavior. On the other hand, the drying treatment may have removed some excess water from Standard Sample 3ge, so that for this Sample the net effect of the drying treatment may have been either an increase or a decrease in purity. In view of the facts that the rate of formation of benzoic anhydride under the conditions of the drying treatment is extremely small, and that only a very small amount of water was found in the Standard Sample material in the special tests described later in this paper, it is not believed that the formation of anhydride or the removal of water caused any significant change in purity of the Samples.
It should be emphasized lihat both of the tests of purity mentioned above are sensitive only to impurities that are soluble in the liquid and insoluble in the solid benzoic acid. The Standard Sample material is known to contain some insoluble material, ',)Ut the amount of this is so small as to be practically negligible.
Combustible impurities were removed from the oxygen used by passing the gas through a tube filled with copper oxide maintained at a temperature of about 750°0.
IGNITION ENERGY
The samples of benzoic acid were ignited by passing electric current from a small transformer through a helix made from a 2-cm length of No. 36 AWG iron wire (about 0.13 mm in diameter). The procedure
was the same as in the measurements reported in 1934 [3] , except that I the secondary voltage of the transformer in the present measurements was 9 instead of 14 as in the previous work. The energy, qt, used to ignite the charge (qi=electric energy plus heat of combustion of iron wire) was determined calorimetrically in a number of blank experiments in which only the iron wire was burned. The results of these measurements are given in table 3. The standard deviation of the mean of the ~ results and the maximum deviation from the mean correspond to 0.001 and 0.005 percent, respectively, of the heat of combustion of a 1.5-g sample of benzoic acid. Int .J
• Standard deviation of the mean.
In another method of ignition, which has been described by Huffman and Ellis [13] , an electrically heated platinum wire ignites a small piece of filter paper, which in turn ignites the charge. In some preliminary experiments of the present work the method of Huffman and Ellis was compared with the iron-wire method of ignition by using the two methods alternately in a series of calorimetric experiments in which Standard Sample benzoic acid was burned in the bomb. These experiments yielded the following values for the energy equivalent of the calorimeter, which differed in some respects from the calorimeter used in the other experiments described in this paper: Method Platinum wire and filter paper ___ ____ ___ _ I ~ two sets of measurements had been identical in all respects, and is in the direction opposite to that of the difference which might be expected to result from action of nitric acid on the products of combustion of the iron wire. The iron-wire technique is somewhat more convenient than the platinum-wire-filter-paper technique, and has the further advantage that it does not complicate the determination of the amount of carbon dioxide formed in the combustion of the charge.
CORRECTION FOR HEAT OF FORMATION OF NITRIC ACID
The amount of nitric acid formed in the bomb in each combustion experiment was determined by titrating the bomb washings against an 0.1 N solution of potassium hydroxide, using phenolphthalein 2 as an indicator. The correction, QHN03' for the energy of formation of nitric acid in the bomb was calculated, using for the energy decrease, -I1UHNoa, for the reaction 1/2 N2 (g)+5/4 O2 (g)+1/2 H20 (liq) =HNOa (aq) at 30° C the rounded value 60 lej/mole of nitric acid. TIlls value is very near the mean of the value derived from the results of Becker and Roth [14] , and that derived from data given by Bichowsky and Rossini [1 5] . The correction for the heat of formation of nitric acid rarely exceeded 0.02 percent of the heat produced in the bomb, and was usually less than tills.
CALCULATION OF RESULTS
The corrected temperature rise, I1t, of the calorimeter for each calibration experiment and each combustion experiment was computed on the basis of Newton's law of cooling from data obtained in two "rating periods", using Dickinson's method [2] of calculation. It has been shown that the effect of the lag of the bomb and other parts of the calorimetric system is almost completely eliminated by tills procedure [16, 17, 25] .
The quantity of heat produced in each combustion experiment was computed by multiplying the corrected temperature rise, I1t, by the energy equivalent of the system, represented by 0=00+ 1.21 m.+0.32 (P-30) , where 00 is the energy equivalent, determined by the calibration experiments, of the calorimetric system, including the bomb containing 1 g of water, and oxygen under an absolute pressure of 30 atm; m. is the mass of the sample of benzoic acid; P is the initial oxygen pressure, in atmospheres, at 30° C. The factor 1.21 is the value recently obtained at tills Bureau [12] for the specific heat of benzoic acid at 28.5° C (at constant pressure); and the factor 0.32 was calculated from the specific heat of oxygen at constant volume [18] , the volume of the bomb, and the density of oxygen.
The value for the heat of combustion per gram of sample under the conditions of the actual bomb process was calculated for each experiment by means of the relation
0I1t-QI-QHN03
, Phenolphthalein Is sensitive to dissolved carhon dioxide, and its use resnlted in high valnes for nitric acid nnless precautions were taken to remove dissolved carhon dioxide from the homb washings before titrating. It is shown later in this paper that under the conditions of the present measurements the effect of dissolved carbon d ioxide amounted to about 0.017 percent of the heat of comhustion. The use of an Indicator that Is practically insensitive to carbon dioxide, such as methyl orange, would have beon better.
The corresponding value for the heat of combustion per mole of benzoic acid was calculated from
' where N is the number of moles of carbon dioxide formed in the combustion, the molecular weight of carbon dioxide being taken as 44.010. Since the value of 0 used in the above equations is the energy equivalent of the calorimetric system, including the oxygen and charge of benzoic acid rather than the products of combustion, the values of qB and -I::.UB are referred to the final temperature of the calorimeter, which was 30° C in all experiments.
With the aid of an equation similar to Washburn's [19] eq 81 (which applies at 20° C), but calculated by the writer for 30° C, there was computed from each value of qB the corresponding value of QB, which is the heat of combustion (at 30° C) per gram of sample for the standard bomb process defined by the following initial conditions ms/V=3.0 g/liter mw/V=3.0 g/liter P=30 atm at 30° C, where V is the volume of the bomb, and mw is the mass of water placed in the bomb before the experiment. The other symbols have been defined previously.
The values of -I::. UBper mole of benzoic acid were reduced, with the aid of the modified Washburn equation, to the corresponding values of -I::.UR , which is the energy decrease for the reaction (1) where each of the reactants and products is under a pressure of 1 atm. at 30° C.3
S. RESULTS
In table 4 are given the results of the first series of measurements on Standard Samples 3ge and 39f. The mean values of QB at 30° C given in this table are in good agreement with the corresponding mean values, 26415.3 and 26413.1 International joules per gram (mass), which were obtained for Samples 39d and 3ge, respectively, in 1934 [3] . In table 5 are given the results of the second series of measurements on Samples 3ge and 39f. The measurements of the first and second series were made under the same conditions, except that in the second series the mass of carbon dioxide 4 formed in each experiment was determined by absorption in Ascarite in the manner described in 1938 [10] .
It will be seen from tables 4 and 5 that the values of QB at 30° C from the second series of measurements on both Samples are systematically higher by about 0.03 percent than those from the first series. It will also be seen that the correction for the heat of formation of nitric acid is systematically lower in the second series than in
• Washburn's eq 81 gives tbe value of 100 /1UB' tbat is, the percentage difference between -/1UB and -/1UR. Tbe percentage difference between tbe quantities q Band QR is tbo difference hetween /1Us-flUB the values of 100 -/1 U IJ for the actual and standard bomb processes .
• The results of the measurements of the mass of carbon dioxide formed in experiments 17 to 25, Inclusive, were discarded because of a leak In the apparatus which was discovered after experiment 25. Mean_ . _________ _ --_ .. 
-----------------------------------------.-----------------. ------------------------------------------------------
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" The standard deviation of the mean, calculated from the data of both calibration and combustion experiment •. • Standard devia tion of the m ean, calcula ted from the data of both calibration and combustion experiments. • The rcsulLs of the first series have been corrected lor the effect 01 dissolved carbon dioxide in the washings from the bomb. The standard deviations for t.he results 01 the lirst series of measurements include the standard deviation (±0.4 Jig) of the correction for dissol ved carbon dioxide.
-----.------------------------------------------------------.--------------.---------------------------------------------------------------------------------------_ _ _ _ e w e .
-------------------.---------.--. ---------------------------------------------------------------------------------------------_.----------------
The improved concordance of the results brought about by the application of the above correction is consistent with the hypothesis regarding the cause of the original differences, but it is not conclusive proof of this hypothesis. It was desirable, therefore, to make inde-• The same oxygen tank was nsed in hoth series of measurements on Sample 39(, bnt different tanks were n sed in the two series of measurements on Sample 3ge. The nitric acid determinations for the two series of experiments on Sample 3ge are therefore not comparahle. pendent tests to ascertain the effect of dissolved carbon dioxide on the determination of nitric acid formed in the bomb. To this end, a measured volume of a dilute solution of nitric acid was placed in the bomb, which was then filled to a pressure of 30 atm with a mixture of oxygen and carbon dioxide. The mass and concentration of the nitric acid solution placed in the bomb and the composition of the 02-C02 mixture were such as to duplicate approximately the conditions in ( the bomb after combustion of a 1.5-g sample of benzoic aeid. After an hour or more had been allowed for the establishment of equilibrium, the pressure was released, the bomb opened and immediately washed out, and the washings were titrated, the procedure being as nearly as possible the same as in the first series of measurements on the Standard Samples. In other experiments the procedure was the same, except that after opening the bomb, it was flushed out with air and allowed to stand for a measured length of time before washing it out and titrating the washings. The results of these experiments are given by curve A, figure 1 , where the amount of 0.1 N alkali solution required to neutralize the washings from the bomb is plotted as ordinate, and the time after opening and flushing out the bomb is plotted as abscissa. Curve B shows the results of two similar series of experiments, in which the carbon dioxide and nitric acid were formed by combustion of a 1.[i-g sample of benzoic acid. Both curves are consistent, within the uncertainty of the measurements, with the conclusions drawn from the data of table 6 :1S to the magnitude of the effect of dissolved carbon dioxide. It is believed that this fact justifies the correction of the results of the first series of measurements on the basis of the data of table 6. figure 1 is the difference in form of the curves A and B, which indicates that the carbon dioxide was removed from solution much more slowly in the experiments represented by curve B than in those represented by curve A. It would be expected that the difference would be in the opposite direction, since in the experiments represented by curve A all the nitric acid solution was in the bottom of the bomb, whereas in those represented by curve B the solution was distributed over the entire inner surface of the bomb and therefore had a much larger free surface. No satisfactory explanation of this phenomenon has been found. A series of experiments similar to those represented by curve B, but in which naphthalene was burned instead of benzoic acid, gave results which were represented by a curve more nearly resembling curve A than curve B.
In addition to the values of QB per gram of sample, there are given in table 5 values of -I1UR (at 30° 0) per mole of benzoic acid for the Standard Sample material. The results for the two Samples are in agreement within the uncertainty of the measurements.
In table 8 are given the results of measurements on the purified samples of benzoic acid. These samples were received in sealed glass containers, and in opening one of them some particles of glass were introduced into the sample. This made impossible an accurate determination of the mass of the sample burned in each experiment, and consequently only the values per mole of benzoic acid are given for this sample. In opening the other container great care was taken to avoid getting glass into the benzoic acid, and values of both QB per gram of sample aad -I1UR per mole of benzoic acid are given for this sample.
The mean value of Q8 at 30° 0 given in table 8 for the benzoic acid purified by crystallization from benzene is in satisfactory agreement with the values given in table 7 for the Standard Samples. The values given in table 8 for -I1UR at 30° 0 for the pmified samples of benzoic acid, and the corresponding values given in table 5 for the Standard-Sample matel'ia.ls are also in satisfactory agreement.
In view of the agreement of the results for the purified and Standard Sample materials, it may be concluded that the impmities in the Standard Sample materials are of such a nature that they have no appreciable effect on the heat of combustion. The weighted mean values of all results on both Standard-Sample and pmified materials may therefore be taken as the results of the present measurements for pure benzoic acid or for the Standard Sample materials.
The weighted mean value of QB was obtained by taking the mean of all results on Standard Samples 3ge and 39f that were obtained on the basis of the first calibration of the calorimeter, and the mean of all results on the Standard Samples and the purified materials that were obtained on the basis of the second calibration of the calorimeter, and weighting these two mean values inversely as the squares of their standard deviations. The final value of -I1UR is the mean of all results on both Standard Sample and purified materials.
The values obtained in the manner just described are QB (30° 0)= 26422 . Menn . __ ______ ____ .
---------- 
-------------------------26423.3 a±1.5 ----------
• Standard deviation of the m ean, calculated from the data of both calibration and combustion experiments, -----------------3224.89 a±0.24
-->'--~,>--. 0.6745), and the "uncertainty" (factor=2.0) proposed by Rossini and Deming [11] for the final results of thermochemical measurements. An estimated uncertainty of ±0.0 10 percent (±2.6 jig, or ±O.32 kj/mole) is here assigned to the final results of the present measurements. In arriving at this figure, consideration was given to the precision of the data, the probable magnitudes of systematic errors, and the agreement of the results with those of previous measurements. In order to obtain the value of QB at 25° C corresponding to the value given above for 30° C, it is necessary to take account of the temperature coefficient of -I1UR , and of the change in the Washburn reduction with temperature. The temperature coefficient of -I1UR was calculated from the specific heats of benzoic acid [12] , water [7] , oxygen and carbon dioxide [18] to be -118.5 j/mole-degree (-0 .97 j/gO C). The Washburn reduction, (11 UB-D.UR), at 30° and 25°C is -2.30 and -2.44 kj/mole (-18.8 and -20.0 jig), respectively. With these data it is calculated that for the standard bomb process QB (25° C) =26428.4 ±2.6 Int. jig (mass) .6 The value of -I1H for the reaction (1) at 30° C, corresponding to the value of -I1UR (30° C) given above is 3226.03 ±0.32 Int. kj/mole. Using the value 115.5 j/mole-degree for the temperature coefficient of I1H, and correcting for the departures of the gases, oxygen, and carbon dioxide, from the standard state of unit fugacity (1 atm) , there is obtained for reaction (1) It should be emphasized that the quantity of interest in connection with the standardization of bomb calorimeters is QB, the heat of combustion per gram under the conditions of the standard bomb process. The values of heat of combustion per mole are not suitable for this purpose, since they apply for conditions other than those of the bomb process and are based on the mass of carbon dioxide formed in combustion rather than on the mass of sample burned.
V. CORRECTION OF 1934 RESULTS
The procedure in the combustion experiments reported in 1934 [3] was the same as that in the first series of combustion experiments of the present work, and the same indicator, phenolphthalein, was used in the nitric acid determinations. It is inferred, therefore, that the 1934 results are low because of dissolved carbon dioxide in the bomb washings, and they have been corrected accordingly . . The correction is somewhat uncertain because of the fact that the data of table 6 apply when a 1.52-g sample of benzoic acid is burned under an initial oxygen pressure of about 32 atm, whereas in the 1934 measurements the mass of sample was varied from 0.7 to 2.0 g and the oxygen pressure from 20 to 32 atm. In calculating the correction to be applied , The heat of combustion under conditions differing by small amounts from those of the standard bomb process at 25° C is ohtained by rnultiplyh g the value given for Q H (25° C) by the factor
1+10-' [20 (P-30J+42 (m./V-3l+30 (mwfV-3)-45 (/-25).]
7 As noted previously, this value was derived hy calculating the number of moles of benzoic acid burned in each experiment from the mass of carbon dioxide formed in combustion. Tho value of -/).T'I°298. 16 obtai ned by calculating the unmber of moles of benzoic acid bnrned from the mass of sample, using 122.118 for the molecu lar weight of benzoic acid, is 3226.04 ±O.32 Iut. kif mole. Inert impuri ty iu thr sample would aITeet the value of heat of combustion per mole based on the weight of sample but not the vallle b!lScd on thc wcight of carbon dioxide formecl. The effect of an error in the atomic weight of carbon would be 2.5 times as great in tbo value based on the weight of sample as in the value based on the weight of carbon dioxide.
to the 1934 results, it was assumed that the effect of dissolved carbon dioxide in any experiment is proportional to the mole fraction of carbon dioxide in the gas phase and to the total mass of water in the bomb at the end of the experiment.
The 1934 results have also been corrected for the change from 63 to 60 kj/mole in the value used for the energy of formation of nitric acid in the bomb, for the change in the value used for the temperature coefficient of -/:,.UR , and for the dependence on temperature of the Washburn reduction. The last-named effect was neglected in 1934 in calculating the value of QB at 25° C from the observed value at 30° C.8
The values of QB at 25° calculated from the data of the 1934 measurements in the manner outlined above are given in table 9, together with the corresponding values resulting from the present measurements on Standard Samples 3ge, 39f, and the sample of 3ge that was purified by fractional crystallization from benzene. It will be seen from table 9 that the corrected results of the 1934 measurements are in satisfact.ory agreement with those of tl1(' present work. The mean valnes of QB from the two investigations differ by only 0.007 percent, and the total range of values for the diffcrent lots of benzoic acid is 0.014 percent.
VI. PROCEDURE FOR CORRECTING RESULTS REPORTED ON THE BASIS OF THE 1934 VALUE OF QB
The mean value reported in ] 934 for QB at 25° C, 26,4] 9 International joules per gram mass, is lower by 9.4 jig (0.036 percent) than the value obtained in the present measurements. The elements which enter into this difference may be summarized as follows: duced to the basis of the new value with the aid of the above data. The reduction ,,,ill not in all cases involve all of the above elements of the difference between the two values of QB, and in deciding which of the elements are involved in any particular case, consideration will have to be given to the conditions under which the calibration experiments were performed. For example, consider the case of a bomb calorimeter calibrated with benzoic acid under the same (average) conditions as in the 1934 combustion experiments with respect to temperature, oxygen pressure, mass of sample, mass of water placed in the bomb, amount of nitric acid form ed, procedure followed in the nitric acid determinations, and value used for the heat of formation of nitric acid. Under these circumstances the conversion of the value obtained for the energy equivalent of the calorimeter to the basis of the new value of QB would involve only that part of the difference between the old and new values which resulted from the difference in the calorimetric measurements (1.8 j/g= 0.007 percent) .
In the case where the calibration experiments were made under the same conditions as in the above example, except that the procedure was such that dissolved carbon dioxide did not affect the nitric acid determinations, the conversion to the basis of the new value of QB would involve both the difference in the calorimetric measurements (1.8 jig) and the effect of dissolved carbon dioxide (5.5 jig) on the nitric acid corrections in the 1934 experiments. If the calibration experiments were referred to some temperature other than 30° 0, account would have to be taken of the change in the temperature coefficient of QB.
The following data on the average conditions in the 1934 measurements will be of use in reducing results originally calculated on the basis of the 1934 report to the basis of the present r epor t:
Temperature to which experiments were referred__ _ _ _ _ 3 0° C Mass of sample of benzoic acid ____ . ________________ 1. The value given above for the nitric acid correction was calculated, using the 1934 value, 63 kj/mole, for the heat of formation of nitric acid in the bomb.
The conversion of the results of calibration experiments by means of benzoic acid, originally calculated, using the 1934 value of QB, to the basis of the new value will be illustrated by a specific example. It is assumed that the calibration experiments were performed under the following conditions:
Volume of bomb_______ _________________ ______ ___ 0.4liter Mass of sample burned_ __________________ ___ _____ _ 1. . 50 g Mass of water placed in bomb____ __________________ 1. 00 g Nitric acid correction per gram of benzoic acid burned_ 6. 8 j Temperature to which experiments were referr ed _____ 28. 0° C Initial oxygen pressure at 28° C ____________________ 33.0 a tm
The value for the heat of combustion of benzoic acid under these conditions would be 26418 .6 Int. jig, according to the 1934 report, and 26426.8 Int. jig, according to the present report. The difference, 8.2 jig, between these two values is less than the difference, 9.4 jig, between the values of QB at 25° 0 reported in 1934 and in the present paper. Th e discrepancy is due (1) partly to the fact that the coefficients of (P-30) , (ms/V-3), and (mwIV-3) in the formula given in footnote 6, page 161 differ slightly from the coefficients in the corresponding formula in the 1934 report, (2) partly to the fact that the change in the value used for the heat of formation of nitric acid does not enter into the calculations, and (3) partly to the fact that in the calculation of the heat of combustion at 28° C, according to data given in the 1934 report, the effect of the error in the temperature coefficient is reduced to 40 percent of its effect in the calculation of QB at 25° C from the observed value at 30° C.
The changes mentioned above in the coefficients of (P-30) , , and (mwIV-3) are taken account of by applying a correction of -O.4d/g to the value of the heat of combustion of benzoic acid calculated on the basis of the 1934 report.
The other corrections that should be applied to the above value for the heat of combustion of benzoic acid calculated according to the 1934 report are related to the elements of the difference between the old and new values of QB at 25° C, and will be discussed in the order that these elements are listed on page 262.
1. The correction for the effect of dissolved carbon dioxide will depend upon how the nitric acid determinations were made in the calibration experiments under consideration. If the procedure in these experiments was the same as in the 1934 measurements, and in the first series of combustion experiments of the present measurements, then the effect of dissolved carbon dioxide in the calibration experiments here considered will partially cancel the effect in the 1934 value of QB' In this case the correction for dissolved carbon dioxide may be calculated as follows: Under the conditions of the calibration experiments under consideration the mole fraction of carbon dioxide in the bomb after combustion of the sample of benzoic acid is calculated to be 0.157, and the amount of water in the bomb after combustion is 0.092 mole. On the assumption that the total effect of dissolved carbon dioxide is proportional to the mass of water and the mole fraction of carbon dioxide, the above data, together with the data given previously regarding the average conditions in the 1934 combustion experiments, lead to 3.91 jig of benzoic acid burned for the effect of dissolved carbon dioxide. This partially cancels the effect, 5.5 jig of benzoic acid, in the 1934 value of QB, leaving a net correction of + 1.59 jig to be applied to the value of the heat of combustion calculated on the basis of the 1934 report.
On the other hand, if the procedure in the nitric acid determinations in the calibration experiments under consideration was such that these determinations were not affected by dissolved carbon dioxide, then a correction equal to the total effect of dissolved carbon dioxide in the 1934 value of QB, +5.5 jig, will be necessary.
2 and 3. As noted previously, the effect (1.3 jig) on QB at 25° C of the error in the value used in 1934 for the temperature coefficient of QB is partially eliminated in the calculation, on the basis of the 1934 report, of the heat of combustion of benzoic acid under the conditions of the calibration experiments here considered. There remains, however, 40 percent of the effect, or +0.52 jig, which should be applied as a correction to the value of the heat of combustion calculated on the basis of the 1934 report.
4. The 1934 value of QB was too low by 0.8 jig because of the error in the nitric acid correction. This error in QB is partially cancelled in the original calculation of the results of the calibration experiments under consideration by the use of the value given in the 1934 report for the heat of formation of nitric acid in the bomb. A correction is necessary, however, for the error in the difference in the nitric acid corrections in the 1934 experiments and in the calibration experiments. This correction amounts to +0.50 jig of benzoic acid burned.
5. A correction of + 1.8 jig is necessary to take account of the difference in the results of the calorimetric measurements of 1934 and the present work. Taking account of the various factors discussed above, the value for the heat of combustion of benzoic acid which should be used in calculating the corrected value for the energy equivalent of the calorimeter from the data of the calibration experiments under consideration is obtained as follows:
(a) If the procedure in the nitric acid determinations was the same as in the 1934 experiments and in the first series of combustion experiments described in this paper: The correction to be applied to the origi.nal value of the energy equivalent of the calorimetRr in this case is +0.015 percent.
(b) If thp. procedure in the nit,ric acid determinations was such that these determinations were not affected by dissolved carbon dioxide, the calculation of the corrected value for the heat of combustion of benzoic ucid would differ from the above calculation only in that the correction for dissolved carbon dioxide in this case would be equal to the total effect, 5.5 jig, in the 1934 experiments. The corrected value for the heat of combustion of benzoic acid in this case would be 26426.5 Int. jig, and the correct,ion to be applied to the original value of the energy equivalent of the calorimeter would be +0.030 percent..
The difference between the corrected value for the heat of combustion of benzoic acid given under (b) and the value 26426.8 Int. jig calculu.ted on the basis of the present measurements arises from the fact that a part of the change in the nitric acid correction do es not appear in the above calculations but is taken care of in the original calculation of the energy equivalent of the calorinleter on the basis of the 1934 report.
VII. PREVIOUS WORK Results of measurements of the heat of combustion of benzoic acid by various observers [2, 3, 20, 21, 22, 23, 32] are given in table 10. The correction of the 1934 results of Jessup and Green is discussed in section V of this paper.
The value of QB at 25° C attributed to Roth, Doepke, and Banse [22] in the 1934 report [3] was calculated from their published results) on ~ the assumption tbat Lhey had placed 1 g of water in the bomb before each experiment. Professor Roth has since informed the writer that actually 10 g of water was placed in the bomb, and that the effect of the difference between 10 g and 1 g of water was found by experiment in his laboratory to be 0.004 percent. The difference between 0.064 percent and the valu(' 0.10 percent calculated from the Washburn [19] equation was attributed to the la ck of equilibrium between the gaseous carbon dioxide and the aqueous solution. On the basis of the infonnation supplied by Roth, a correction of -0.064 percent bas been applied to the value attributeu to Roth, Doepke, and Banse in the 1934 report.
An additional correction of about 1 jig has been applied to the values of QB at 25° C attributed in the 1934 report to Fischer and Wrede [20] , Wrede [2] ], Roth, Doepke, and Banse [22] , and Jaeger and von Stein wehr [23] to take account of the temperature dependence of the Washburn reduction, an effect which was partially neglected in the 1934 report.
The value attributed to Prosen and Rossini [32] in table 10 is the result of unpublished measurements made at this Bureau entirely independently of the measurements described in the present paper, and with different apparatus [34] .
Because of uncertainty as to experimental procedure in the various investigations, and as to precautions taken to avoid the effect of dissolved carbon dioxide on the determinations of nitric acid, no correction for this effect has been applied to any previous results except those of the 1934 All of the final values given in table 10 , with the exception of tbat due to Roth, Doepke, and Banse, are in as good agreement with the result of the present measurements as could be expected on the basis of the precision of tbe various measurements. The fact that the values obtained for the Kahlbaum-Verkade material by Jaeger and von Steinwehr and by Roth, Doepke, and Banse are in S"ood agreement with each other and are lower than the other values III the table suggests that a difference in material may be responsible for the low values for the Kahlbaum-Verkade material. However, Verkade [24] has compared the Kahlbaum-Verkade and National Bureau of Standards materials and found no difference in their heats of combustion. It may be noted also that the values obtained for the two materials by Jaeger and von Steinwehr are in as good agreement with each other and with the value obtained in the present work for National Bureau of Standards material as could be expected from the precision of the measurements. Except for the low values for the Kahlbaum-Verkade material, there is nothing in the data of table 10 to indicate any differences in the materials used in the various investigations.
As noted in the 1934 report, the results of all measurements previous to that time may be too high because of combustible impurities in the oxygen. The tests of purity of Standard Samples 3ge and 39f of benzoic acid [4), and the agreement of the results of measurements of heat of combustion of different samples given in table 10 indica,te that benzoic acid satisfies the first of the above requirements. The low values given in table 10 for the heat of combustion of the Kahlbaum-Verkade material cast some doubt on this conclusion. However, as noted previously, the low values for this material are not in accord with results obtained by Verkade [24] .
While it has been reported [29] that benzoic acid decomposes at temperatures above about 150 0 0, it appears to be quite stable under conditions to which it is likely to be subjected when used as a Standard Sample material. Thus no significant change in heat of combustion of Standard Sample 3ge was observed during the period between the 1934 measurements and those of the present work. In order to determine whether benzoic acid is appreciably hygroscopic, Schwab and Wichers [33] made measurements of the water content of Standard Sample 39f in its original condition and after exposure for 6 weeks at a relative humidity of 90 percent at about 23 0 C. Ten-gram samples of benzoic acid were fused in a glass apparatus, which was then evacuated through a trap immersed in liquid air. The trap was then closed off lrom the rest of the apparatus, and the liquid air was removed, allowing the trap to warm up to room temperature. The amount of water removed from the benzoic acid was estimated from the pressure, measured by means of a mercury manometer, and the temperature and volume of the closed system. The results indicated a water content of the untreated benzoic acid of 0.0015 to 0.0018 percent, and of the benzoic acid, after exposure to the high humidity, of 0.0014 to 0.0019 percent.
A less precise test of the hygroscopicity of benzoic acid was made by the writer by calibrating a calorimeter with (a) Standard Sample 3ge from a recently opened bottle, (b) some of the same material which had been kept for about a year in an open bottle under cO'lditions such that no appreciable amount of dust could get into the bottle, (c) some of the same material which had been kept for about a year in an open bottle in a desiccator vessel containing a saturated solution of ammonium chloride, which maintains a relative humidity of about 79 percent [27] . The values of the energy equivalent of the calorimeter obtaiued in these measurements are as follows: Both of the above sets of data indicate that benzoic acid is not appreciably hygroscopic. However, data obtained by Weaver [29] indicated a moisture content of about 0.08 percent by weight in a sample of benzoic acid that had been kept in a glass-stoppered bottle for about a year. By a very sensitive test, Weaver also found small amounts of moisture in several other samples. In all cases the moisture could be removed by fusing the sample.
A number of years ago the writer found that a sample of bf'll7.oic acid obtained from another laboratory had fl, heat of eombustion per gram that was lower by 0.2 percent than that of National Bureau of Standards material. The discrepancy disappeared after fusing the sample_ It appears, therefore, that some samples of benzoic acid may contain appreciable amounts of moisture. The source of such moisture is not known, but it is possible that samples crystallized from aqueous solution may contain trapped water unless special precautions are taken to dry them. Whatever the source of the water in tl1f' samples referred' to , it, appears that it is relatively easy to prepare benzoic acid which is su bstantially free from water, and that it will not absorb moisture from the atmosphere. It may be concluded, therefore, that benzoic acid is entirely satisfactory as a standard substance so far as hygroscopicity is concerned.
To determine the volatility of benzoic acid a pell et of l.5 g was placed in a platinum crucible and weighed at intervals over a period of about 3 weeks. During this time the temperature of the room during the daytime varied from 29° to 32° O. The benzoic acid lost weight at the rate of about 0.15 mg, or 0.01 percent, per day_ Evaporation at this rate is not serious, since not more than half an hour need elapse from the time a sample is weighed until it is ignited in the bomb.
Experience at this Bureau indicates that b enzoic acid satisfies requirements 5 and 6, page 268. Some observers have reported negligible amounts of soot left in the crucible after burning a sample of benzoic acid, but no soot or other evidence of incomplete combustion was observed in any of the 1934 experiments at this Bureau or in those of the present work. In these experinlents the samples were burned in a cylindrical platinum crucible % in. in diameter and % in. high, weighing a little less than 8 g.
IX. SUMMARY
The present measurements yield the value 26428.4 International joules per gram mass for the heat of combustion, QB, of benzoic acid under the conditions of the standard bomb process.
When t.he amount of the reaction is determined from the mass of carbon dioxide formed in combustion, the present measurements yield for the combustion of benzoic acid -IlHo298. 16=3226 . 39 International kilojoules per mole when each of the gases involved in the reaction is in the thermodynamic state of unit fugacity. The estimated uncertainty of the final values of QB and -IlHo298. 16 is ±O.010 percent (±2.6 jig, or ±O.32 kjjmole).
